| INTRODUCTION
outcomes in the neonatal and pediatric population 2 and its use has resulted in actionable data for QI. 3 For example, our institution has used it to target and reduce urinary tract infection rates. 4 While comprehensive in many areas, P-NSQIP does not collect intraoperative vital signs data, despite the potential impact of intraoperative physiological derangement on surgical outcome measures. For example, hypothermia 5 (a core temperature <36°C) during surgery has been associated with numerous deleterious effects, including surgical site infection (SSI) and bleeding. [5] [6] [7] Similarly, even short episodes of intraoperative hypotension in adults were found to be associated with acute kidney and myocardial injury. 8 While defining hypotension in pediatric surgical patients is more difficult, 9 there is evidence that avoiding hypotension is important, at least for neonates, who are especially vulnerable to impaired cerebral perfusion resulting from hypotension. 10, 11 Thus, we decided to collect intraoperative hypothermia and hypotension data as both point prevalence and continuous variables alongside our P-NSQIP database for use in local QI initiatives.
The aims of this work are to (i) describe the data collection and analysis methodology used to augment P-NSQIP data with intraoperative vital signs and (ii) show the utility of such data by exploring relationships between intraoperative hypothermia and hypotension and the outcomes tracked in P-NSQIP. Specifically, we wished to identify associations of intraoperative hypothermia or hypotension with undesired surgical outcomes as defined in P-NSQIP, including:
(i) SSI, (ii) wound disruption, (iii) unplanned return to the operating room, and (iv) blood transfusion, from the surgical start time up to and including 72 hours postoperatively.
| MATERIALS AND METHODS

| Study overview
This study was conducted at BC Children's Hospital, a tertiary pediatric center, using secondary analysis of the data obtained from 
| P-NSQIP data sampling
Cases are selected for the local P-NSQIP sample by the Surgical Clinical Reviewer from the Operating Room Scheduling Office System, according to P-NSQIP procedures: 1, 12 
What is already known
• The Pediatric National Surgical Quality Improvement Program (P-NSQIP) samples surgical procedures for benchmarking and quality improvement. However, it does not collect intraoperative physiologic data, despite their potential impact on outcomes.
What this article adds
• This article describes a methodology to augment P-NSQIP with intraoperative data and explores relationships between these vital signs and postoperative outcomes: hypothermia was associated with increased risk of wound disruption, and hypotension was associated with increased risk of blood transfusions and unplanned return to the operating room. This approach presents an opportunity to identify potential risk factors for undesired outcomes, which can be taken forward to prospective studies and quality improvement initiatives. Next, an author (MG) manually reviewed each case for artifacts not identified automatically, and excluded those periods from analysis.
| Extraction, processing, and inclusion of vital signs in the P-NSQIP dataset
Finally, we applied further MATLAB algorithms to: (i) count periods of hypothermia and hypotension (ie identify the number of occurrences in which a predetermined threshold value was breached), and
(ii) determine the percentage of case spent in each condition (ie calculate a normalized value, obtained by dividing the number of minutes in which each threshold was breached by the number of minutes the measurement was valid). Thresholds used in the analysis were defined a priori and remained unchanged throughout the study period.
Hypothermia was defined as any temperature measurement below 36°C for longer than 30 seconds (to exclude periods with transient data artifacts). 5 Temperature was primarily recorded using nasopharyngeal or esophageal probes, as per institutional standard, but the documented location was not included in this analysis.
For hypotension, a dynamic threshold was used: the BP data were filtered with a 5-point median filter (−20 < t < 20 seconds); a reference value (≤30 minutes moving mean) was derived; and any measurements remaining >15% below the reference value for longer than 120 seconds (to exclude artifacts and allow the noninvasive cuff to recycle if it deemed a measurement to have insufficient signal quality) were identified, as these were previously shown to indicate clinically meaningful hypotension. 13 Using absolute thresholds was not possible, as BP nomograms for children under general anesthesia were only published in 2017, 14 and even these capture only children receiving inhalational anesthesia, which is not the typical anesthetic modality used in our institution. In cases where invasive blood pressure was measured, the noninvasive cuff data were used to determine hypotension until the arterial data became available, which were then used as the sole source for detecting hypotension. Mean BP (rather than systolic) was used, as it most closely reflects flow 15 and, when obtained using the oscillometric method, is the only value accurately measured. 16 Including these data in the local P-NSQIP dataset required matching the anonymized vital signs data against the cases that had been selected for the P-NSQIP samples. The local Surgical Clinical
Reviewer provided a list of procedure dates, operating room location, and room entry and exit times for each P-NSQIP sample case, as originally obtained from the Operating Room Scheduling Office System, which potentially contained minor inaccuracies due to manual data entry. These data were then matched, in a probabilistic fashion, against cases in the vital signs databank: first, an automatic matching algorithm was applied, which required exact matching of location and date, while allowing start time and end time variations of up to 20 minutes; if this did not identify the case, a manual matching using operating room utilization plots was performed; if neither algorithm found a match within these criteria, the requested case was excluded. All cases were reviewed manually, and obvious artifacts were excluded by hand, before submission into the local P-NSQIP dataset. This method was found to be reliable and to miss fewer than 10% of cases, on average, in each P-NSQIP cycle.
| Statistical modeling
In order to examine whether the occurrence of any hypothermia or hypotension (as a dichotomous variable) affected P-NSQIP surgical outcome, we undertook multivariable regression analyses, to explore the associations of these vital signs deviations on undesired surgical All models were reduced using a bidirectional stepwise selection of confounders determined by the Akaike information criterion in an attempt to identify a model best balancing accuracy and simplicity, while maintaining a low false negative rate. 18 The vital sign deviation under analysis was forced to remain in the list of final confounders.
To evaluate the performance of these models, Receiver Operating Characteristics curves and their 95% confidence intervals for the
T A B L E 1 Overview of the study cohort, including demographics, procedure information, undesired surgical outcomes, and the three deviations from normal vital signs: hypothermia, hypotension, and hypoxemia. Further missing data were encountered due to monitor trials and a switch in patient monitor vendor at the end of 2016. specificity of the model were plotted for the training and testing data, using R's 'pROC' package. Performance of training and testing models were evaluated using area under the receiver operating characteristic curve (AUC), and their 95% confidence intervals (CIs).
| RESULTS
| Dataset available for analysis
Data were extracted from the local P-NSQIP dataset for the period of January 2012 to December 2016, including the vital signs changes (count and percent of case time with threshold deviation). Vital signs data were available for analysis in 6737 procedures during these 5 years; this represents about 90% of the P-NSQIP sample in our institution. 
| Hypothermia
At least one episode of hypothermia was observed in 45.1% of the cases in which temperature was measured, and hypothermia was recorded for a median [q1, q3] of 0 [0-27] percent of the case duration.
Risk factors for the occurrence of hypothermia were weight, age, surgical specialty, case length, case booking status, and data collection year (regression model AUC 0.67, 95% CI 0.65-0.68), in which the data collection year was used as a surrogate for institutional QI improvements.
Regression models were calculated for undesired surgical outcomes, including SSI (Table 2) , Wound Disruption (Table 3) , unplanned return to the operating room (Table 4 ) and Blood Transfusion (Table 5 ). See also Figure 1 . Among these training models, hypothermia was significantly associated with wound disruption (odds ratio 
| Hypotension
At least one episode of hypotension was observed in 60. Regression models were calculated for undesired surgical outcomes, including SSI (Table 2) , Wound Disruption (Table 3) , unplanned return to the operating room (Table 4 ) and Blood Transfusion (Table 5 ). See also Figure 1 . Among these training models, two were found to have significant associations with hypotension:
unplanned return (OR 1.58, 95% CI 1.02-2.51) ( Table 4 ) and blood transfusions (OR 1.95, 95% CI 1.14-3.52) ( Table 5 ). The associations of hypotension with SSI (OR 1.08, 95% CI 0.74-1.58) ( Table 2 ) and wound disruption (OR 1.29, 95% CI 0.8-2.12) (Table 3) were not significant. In validation using the 2015-2016 cohort, these models had a testing set AUC value of 0.67 for SSI, 0.63 for wound disruption, 0.79 for unplanned return, and 0.93 for transfusion (Figure 1 ).
| DISCUSSION
It seems plausible that instances and/or combinations of intraoperative physiological derangements, such as hypothermia, hypotension, hypocarbia, and hypoxemia, might contribute to P-NSQIP-defined outcomes.
In this study, we demonstrated that by integrating intraoperative vital-signs data capture into our P-NSQIP cohort we were able to associate two modifiable risk-factors associated with undesired postsurgical outcomes: hypothermia was associated with significant risk for wound disruption (OR 1.75), and hypotension was associated with significant risk for unplanned return to the operating room (OR 1.58) and blood transfusion (OR 1.95).
These associations support our larger hypothesis that there may be utility in integrating metrics around maintenance of intraoperative homeostasis, through vital signs analysis, into P-NSQIP. Regression models for these outcomes, created using the 2012-2014 training cohort, indicated that hypothermia was associated with increased risk of wound disruption and that hypotension was associated with increased risk of unplanned return to the operating room and blood transfusions. These models performed well in their validation using the 2015-2016 cohort. Association is not causation, but these data provide support for a prospective examination of the relationship between intraoperative vital signs deviations and these clinically important outcome. It should be noted, however, that due to the low baseline incidence of wound disruption, the hypothermia number needed to harm is quite large: 227. For hypotension, the number needed to harm are much smaller: 41 for unplanned return to the operating room, and 13 for blood transfusion. Our and others' studies have indicated that intraoperative vital signs' derangements are common, especially in neonates and infants:
we report an overall 45% incidence of hypothermia, and a 60% incidence of relative hypotension in this study; in our neonatal subset, these incidences were 67% and 83% respectively. Simpao et al reported relative hypotension in >70% of neonates undergoing pyloromyotomy, and absolute hypotension in 20%-30%. 19 Olbrecht et al found mild, moderate, and severe hypotension in, respectively, 62%, 36%, and 13% of infants and neonates. 20 Similarly, we previously identified hypothermia in 70%, hypocarbia in 69%, and severe hypotension in 62% of neonatal anesthetics. 21 If shown to be contributing to clinically relevant outcomes, these deviations from physiological homeostasis would represent potentially modifiable variables that could improve those outcomes.
With regard to the data presented in this study, neither the association of intraoperative hypothermia with postsurgical complications of wound healing, nor the association of intraoperative hypotension with blood transfusion are surprising. Yet, both are modifiable risk factors. There is inherent difficulty in identifying metrics and outcomes to guide the continuing development of good practice in pediatric anesthesia: 22,23 the wide range of developmental factors make it challenging to characterize the normal and acceptable ranges of key physiological variables in pediatric patients; 9 and it is difficult to extricate the associations of specific anesthetic interventions/observations from the variety of underlying genetic, surgical, and other perioperative care factors. Anesthetic practice does not provide a natural feedback mechanism for issues beyond the immediate perioperative period. Our group previously reported success with an initiative based on this idea: pediatric anesthesiologists were provided with both individual and group feedback regarding the delay between starting a case and starting intraoperative temperature monitoring; this resulted in a significant and sustained reduction in these monitoring delays. 24 Such an approach should be generalizable to other variables during the conduct of pediatric anesthesia.
| Feasibility of adding intraoperative homeostasis variables to P-NSQIP
The vital signs' collection and feature extraction methodology used in this study was also used, with a larger selection of vital signs devi- Pr(>|z|), probability of a z-distribution (Wald statistic) being greater than the absolute value of the z-value; whereby the z-value is the regression coefficient divided by SE; OR, odds ratio; CI, confidence interval.
anesthesia outcome data in real time to support ongoing QI initiatives, 22 and de Graff et al used a large multi-center cohort of children to create nomograms for noninvasive blood pressures of anesthetized children.
14 However, such processes require either the use of an Anesthesia Information Management System (AIMS) or a custom technical solution, as has been required in our institution. While the automated extraction techniques we implemented might be associated with Pr(>|z|), probability of a z-distribution (Wald statistic) being greater than the absolute value of the z-value; whereby the z-value is the regression coefficient divided by SE; OR, odds ratio; CI, confidence interval.
reduced incidence of artifacts, a simple manual review might work well enough for hypothermia detection. However, the hypotension approach used in this study, based on detecting a deviation from previous baseline, necessarily requires an electronic processing step.
Whether a simple age-specific threshold for hypotension would be sufficient will need to be established in future work.
To improve generalizability, ideally to a point where a P-NSQIP Surgical Clinical Reviewer could extract these data manually from a paper/electronic anesthetic record, we limited ourselves to the analysis of dichotomous variables: presence or absence of hypothermia and hypotension. Deviation rules based on duration or magnitude may yield better performance; eg, using a duration-based approach like the percentage of case spent with an undesired vital signs value; or a magnitude-based approach, such as using the time integral exceeding a vital signs threshold (area under the curve). However, these more sophisticated approaches may hinder their ease of analysis, abstraction, and subsequent use.
| Limitations
There are several important limitations to this study. One is the use of registry data from a single institution. While the sample size was not small, the low prevalence of undesired outcomes limited our ability to perform subgroup analyses for surgical types (eg spine surgery) or age group (eg neonates). We also did not consider the interaction of specialty and ASA status, which might have been a surrogate for procedural complexity and patient sickness; finer procedure categories or a surrogate for procedure complexity should be included in any further investigation based on these preliminary findings. Pooling data from other centers, resulting in larger sample sizes, would allow us to perform such analyses. It would also improve the confidence in the associations identified, and allow benchmarking against other centers, as has been done in large-scale studies from the Multicenter Perioperative Outcomes Group (MPOG, https://www.mpogresearch.org/). P-NSQIP might also provide a mechanism for this data sharing, but this would require some implementation effort. Pr(>|z|), probability of a z-distribution (Wald statistic) being greater than the absolute value of the z-value; whereby the z-value is the regression coefficient divided by SE; OR, odds ratio; CI, confidence interval.
had invasive BP monitoring; most did not. Finally, the site of temperature acquisition was not captured in the vital signs database.
This was a retrospective analysis of vital signs data using a hybrid approach with automatic and manual artifact removal. Potential sources of error, such as dampening of an arterial line or an inadequate arterial blood pressure transducer height affecting the detection of hypotension, or a dislodged esophageal temperature probe or cooling from an endotracheal tube (cuff) leak affecting the detection of hypothermia, cannot be identified and corrected for with our study design, and as such may have biased our results.
Identification of clinically important deviations is best performed prospectively, eg in the electronic anesthesia record. However, this may be burdensome and prevent the generalizability of the approach to other vital signs. We suggest that the methods we employed to reduce the bias due to artifacts constitute an appropriate compromise to demonstrate the feasibility of our approach.
Regardless of the quality of the P-NSQIP outcomes data, retrospective studies can only identify associations. Thus, our findings do not enable us to infer causal relationships. Furthermore, given the considerable debate about what constitutes pediatric hypotension or hypothermia, we must emphasize that the associations identified may only be valid in the context of the specific vital signs thresholds applied, and the specific practice setting (predominantly children undergoing total intravenous anesthesia). Furthermore it should be noted that the finding that 60% of patients in our cohort experienced intraoperative hypotension, while similar to other studies, 20, 21 is due to our chosen definition (a 15% relative decrease in mean BP), and is not based on evidence of surrogates for inadequate organ dysfunction. Future prospective, randomized and ideally multicenter studies will be able to link intervention with outcomes.
A further limitation is the complexity of our vital signs methodology, which may not be easily implemented in institutions without the same skills and infrastructure. This complexity lies in the data capture, the data analysis and the need for some manual review of data, which also adds to the workload. One example here is the use of the relative hypotension approach, compared to say an age-based absolute threshold, which might simplify data abstraction for inclusion in P-NSQIP. As Anesthesia Information Management Systems (AIMS) become more widespread, simpler implementations of this strategy may become available: either through direct integration into AIMS, or by combining different existing registries, such as the Multicenter Perioperative Outcomes Group (MPOG) for anesthesia data and P-NSQIP for outcome data.
Finally, we must emphasize that the data we have presented on hypotension and hypothermia should be interpreted as preliminary results. Their purpose is to suggest avenues for future study, including prospective and multicenter trials, to refine our understanding of their significance. Our primary goal was to describe our methodology and suggest the utility of capturing such data in P-NSQIP. If this or a similar methodology were widely adopted, future studies analyzing
Receiver operating characteristics (ROC) curves for hypothermia models (top row) and hypotension (bottom row) split by the four undesired surgical outcomes: surgical site infection (SSI), wound disruption (WD), unplanned return to the operating room (ReturnOR), and blood transfusion (Transfusion). All models include either hypothermia, or hypotension, respectively, as a binary outcome in their confounder set, and the odds ratio from the model is reported in each subplot, along with the area under the curve (AUC). The list of confounders, corrected for in each model, is reported in Tables 2-5 was added in 2016 instead, and will be analyzed in a future study.
Finally, integration of some of the described methodologies into P-NSQIP would not only overcome one of its current limitationslack of intraoperative physiological variables -but also allow for future large-scale database research and QI projects. A next step toward assessing the hypothesized value of including intraoperative vital signs' data would be to pilot test their utility by prospective inclusion at a few P-NSQIP sites.
If implemented in routine P-NSQIP capture, mechanisms for quality control of the analyzed data should be created, including Surgical Clinical Reviewer training, artifact removal algorithms, and periodic checking. The vital signs included for data capture should be iteratively assessed for their utility, with unmodifiable or unimportant variables removed (as we did with hypoxemia), and novel variables (such as hypocarbia) added, to ensure that meaningful data are included, which can be used for both QI and risk adjustment. Finally, captured variables should not be limited to those convenient or easy to capture, but rather those that influence important postsurgical outcomes.
| CONCLUSIONS
In conclusion, using intraoperative vital-signs data capture in our P-NSQIP cohort allowed the identification of two modifiable variables associated with undesired postsurgical outcomes: hypothermia was associated with increased risk for wound disruption and hypotension was associated with increased risk for unplanned return to the operating room and blood transfusions. While only associations were shown, these findings may be deemed sufficient to motivate prospective studies as well as QI efforts to reduce these risks. 
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